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Fig. 4. Objective response rate for patients treated with gefitinib by sample type and EGFR mutation status (intent-to-treat population).

patients, including 61 patients described as not previously analyzed
and who are described here.

Fig. 4 summarizes the ORR in the previously unanalyzed cytol-
ogy and histology samples by EGFR mutation status for patients
with gefitinib. The ORR in the EGFR mutation-positive subgroups
by cytology and previously unanalyzed histology samples are
consistent with the data from the previously determined EGFR
mutation-positive subgroups: EGFR mutation-positive on the basis
of cytology ORR 83%(n =5/6), previously unanalyzed histology sam-
ple 74% (n=20/27) versus 71% in the previous analysis. The ORR in
the EGFR mutation-negative subgroups by cytology and previously
unanalyzed histology samples are higher than those observed in the
previously determined EGFR mutation-negative subgroups: EGFR
mutation-negative on the basis of cytology 16% (n=2/12), previ-
ously unanalyzed histology sample 25% (n=4/16) versus 1% in the
previous analysis.

Tumor size reduction (percentage change from baseline) with
gefitinib in the previously unanalyzed cytology and histology sam-
ples appears to be consistent with previously analyzed histology
samples, for both EGFR mutation-positive (Fig. 5a and b) and -
negative samples (Fig. 5d and e). The EGFR mutation-positive and
-negative tumors from the updated analysis are evenly distributed
throughout the waterfall plots of the previously analyzed histol-
ogy samples (Fig. 5c and f, respectively). Maximum percentage
change in tumor size from baseline for patients whose tumors
were of unknown EGFR mutation status is shown in Fig. 6a (includ-
ing previously analyzed samples, and cytology and low tumor
content samples), Fig. 6b (previously unanalyzed samples high-
lighting those cytology and low tumor content tumor samples
subsequently found to be EGFR mutation-positive), and Fig. 6¢c
(previously unanalyzed samples highlighting those cytology and
low tumor content tumor samples subsequently found to be EGFR
mutation-negative).
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4. Discussion and conclusions

The results of IPASS clearly demonstrated the differential effi-
cacy of EGFR-TKIs in the EGFR mutation-positive, -negative, and
-unknown subgroups [4,5]. EGFR-TKIs are now recommended for
the treatment of patients with EGFR mutation-positive tumors [15].
As a result of available data, accurate identification of patients who
might benefit from EGFR-TKI therapy has become animportant step
in the treatment-decision pathway for advanced NSCLC [16].

This study shows that both histology and cytology samples
used to diagnose NSCLC are suitable for the detection of EGFR
mutations. This study demonstrates that where an EGFR mutation-
positive result is observed, EGFR-TKI efficacy is consistent with that
observed in the sample analysis according to the protocol, albeit
with wider ORR Cls due to sample number. In both the cytology
and previously unanalyzed histology subgroups, a higher response
rate was observed in samples in which no EGFR mutation was
detected compared with the 1% response rate in the previously
analyzed histology samples in which no mutation was detected.
While the EGFR mutation frequency is as expected in the previ-
ously unanalyzed histology samples, it was lower than expected
in the cytology samples. Taken together, these two observations
demonstrate that there are likely to be a number of false-negative
results within the EGFR mutation-negative (or EGFR mutation-
not-detected) subgroups in these previously unanalyzed samples,
showing that the EGFR mutation-negative results are less robust
than in the previously analyzed samples of good quality/quantity.
This study therefore demonstrates that while high quality and high
tumor content samples should be obtained and tested where pos-
sible, it is feasible to use low tumor content or cytology samples
if these are the only sample available from the initial diagnosis
of advanced NSCLC. Additionally, feedback from pathologists and
molecular biologists on sample quality would help to minimize
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Fig. 6. Waterfall plots for maximum percentage change in tumor size from baseline in patients with tumors of unknown EGFR mutation status treated with gefitinib from
(a) previously analyzed samples, (b) previously unanalyzed samples with EGFR mutation-positives from updated analysis, and (c) previously unanalyzed samples with EGFR

mutation-negatives from updated analysis.

the costs of repeat testing and optimize the process of obtaining a
quality result that the physician can take into consideration when
making a treatment decision.

The importance of ensuring that samples are of sufficient qual-
ity/quantity has been confirmed in this study. The EGFR mutation
frequency observed in the cytology samples implies that the pre-
specified tumor content of 100 cells is still relevant within the
clinical setting in order to avoid the issue of false-negative results in
this sample type. In contrast, these data suggest that for histology
sample analysis, it may be possible to reduce the criteria.

Several groups have released recommendations for EGFR
mutation testing practices which include guidance on good qual-
ity/quantity samples, but little guidance on how laboratories
should deal with low tumor content or cytology samples [17-20].
Any samples used for diagnosis of NSCLC (e.g. biopsy, resection,
cytology) should be tested for EGFR mutation status provided the
laboratory performing the analysis is confident in the result. This
confidence will depend on the method used, laboratory expertise,
and the quality/quantity of the samples, typically those that contain
sufficient tumor material to obtain an accurate result, regardless
of sample source. Testing of samples judged to be of low quality
or low tumor content should be carried out using sensitive test-
ing methods with or without a technique such as Laser Capture
Microdissection (LCM), to enrich for the tumor cells. This technique
was not attempted in IPASS, because while the technology is avail-
able in some institutions, it is not widely available and therefore not
possible for all routine EGFR testing labs to employ. The Molecular
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Assays in NSCLC Working Group highlighted that LCM may be used
to facilitate accurate test results by increasing the ratio of tumor to
normal tissue, which is particularly important for techniques such
as direct sequencing, which requires samples with >50-70% tumor
cells for analysis [ 17]. However, the Working Group also noted that
LCM can be laborious, and is unlikely to be acceptable for routine
clinical sample analysis.

This analysis of previously unanalyzed samples from [PASS
has shown that NSCLC samples of either low tumor cell con-
tent or cytological origin are suitable for the detection of EGFR
mutation-positive disease. While consideration should be given to
the individual capabilities of diagnostic laboratories, the testing
of these additional samples may lead to an increase in the num-
ber of successful mutation results, enabling a greater number of
patients to be accurately diagnosed, and receive the most effective
and personalized therapy.
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Survival Outcome Assessed According to Tumor
~Response and Shrinkage Pattern in Patients with EGFR
Mutation—Positive Non—-Small-Cell Lung Cancer
Treated with Gefitinib or Erlotinib

Masayuki Takeda, MD, PhD,* Isamu Okamoto, MD, PhD,*} and Kazuhiko Nakagawa, MD, PhD*

Introduction: Somatic mutations in the epidermal growth factor
receptor gene (EGFR) are associated with a marked therapeutic
response to EGFR—tyrosine kinase inhibitors (TKIs) in patients with
advanced non—small cell lung cancer (NSCLC). Clinical indicators
of the likely survival benefit of EGFR-TKI treatment in NSCLC
patients with EGFR mutations have not been identified, however, We
therefore evaluated progression-free survival (PFS) and overall sur-
vival (OS) according to tumor response and tumor shrinkage pattern
in such patients.

Methods: Among 145 EGFR mutation—positive NSCLC patients
treated with EGFR-TKIs, 68 individuals were selected for analysis.
Results: Of the 68 selected patients, 6 achieved a complete response
(CR), 42 a partial response (PR), and 14 stable disease (SD). Both
PFS and OS were significantly longer in patients who achieved a
CR or PR than in those who experienced SD. Multivariate analy-
sis showed that a response (CR or PR) to EGFR-TKIs was signifi-
cantly associated with both PFS and OS. Among the CR/PR group,
the median maximal tumor shrinkage relative to baseline was 56%,
and the median time to response (TTR) was 4.2 weeks. The subsets
of these patients who experienced rapid tumor regression (TTR of
<4.2 weeks) or a high degree of tumor shrinkage (=56%) did not
show a more favorable PFS or OS compared with those who expe-
rienced slow tumor regression or a low degree of tumor shrinkage.
Conclusion: Response (CR or PR) may represent the optimal sur-
rogate for efficacy among £GFR mutation—positive NSCLC patients
treated with EGFR-TKIs.
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he clinical course of EGFR-TKI-treated patients with

EGFR mutation—positive NSCLC shows substantial
variation. The identification of clinically relevant indicators
may provide clinicians with information regarding expected
disease progression and prognosis. As far as we are aware,
however, no previous studies have evaluated survival accord-
ing to clinical indicators, such as tumor response and tumor
shrinkage pattern, for patients with EGFR mutation—positive
NSCLC. Several studies have investigated surrogate end
points of response for association with progression-free sur-
vival (PFS) and overall survival (OS) in NSCLC patients
treated with cytotoxic chemotherapy. For individuals with
advanced NSCLC treated with platinum-based chemotherapy,
those showing a partial response (PR) were thus found to have
a better survival than those with stable disease (SD) in one
study.! In contrast, another study found no significant differ-
ence between PR and SD groups with respect to PFS or 0S.2
It therefore remains unclear whether SD benefit for patients
treated with platinum-based chemotherapy is the same that
as the benefit for those who achieve a complete response
(CR) or PR. With regard to treatment with EGFR-TKIs in
unselected patients with advanced NSCLC, a previous study
found that PFS and OS were significantly longer in the CR/PR
group than in the SD group.’ However, such analysis has not
been performed for patients with EGFR mutation—positive
NSCLC. Although such patients have clinical features asso-
ciated with a rapid and marked reduction in tumor size in
response to EGFR-TKI treatment, the impact of such rapid
and pronounced tumor shrinkage on survival outcome has
remained unknown. We have therefore now evaluated PFS
and OS according to response and tumor shrinkage pattern
among EGFR mutation—positive NSCLC patients treated with
EGFR-TKIs.

PATIENTS AND METHODS

We screened 145 consecutive patients with EGFR muta-
tion—positive NSCLC who were treated with EGFR-TKIs
between May 2003 and July 2012 at Kinki University Hospital
or Kishiwada City Hospital. Criteria for use of a patient’s data
included the provision of signed informed consent for EGFR
mutation analysis, a diagnosis of stage IIIb or IV or recur-
rent NSCLC with a proven EGFR mutation, the presence of
at least one tumor lesion that could be accurately measured by

Journal of Thoracic Oncology® e Volume 9, Number 2, February 2014
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Survival versus Tumor Response or Shrinkage

computed tomography according to the Response Evaluation
Criteria in Solid Tumors (RECIST) version 1.1., and treat-
ment with gefitinib or erlotinib. All patients were evaluated at
least every 8 weeks until response confirmation by RECIST.
Maximal tumor shrinkage was defined as the greatest tumor
shrinkage achieved at any follow-up assessment. Time to
response (TTR) was defined as the time from the start of
treatment with an EGFR-TKI to the first objective tumor
response (tumor shrinkage of 230%) observed for patients
who achieved a CR or PR. OS and PFS were assessed from the
first day of EGFR-TKI therapy to the date of death from any
cause and the date of objective discase progression, respec-
tively. The study protocol was approved by the institutional
review board at each study site.

RESULTS

Patient Characteristics

Among 145 EGFR mutation—positive NSCLC patients
treated with EGFR-TKIs, 68 individuals were selected for
analysis (Fig. 1). There were no substantial differences in
patient characteristics between eligible (7 = 68) and ineligible
(n="T77) patients (Supplementary Table S1, Supplemental Digital
Content 1, http://links.Iww.com/JTO/A497). Demographics of
the eligible 68 patients are shown in Table 1. Fifty-seven (84%)
of these individuals were treated with gefitinib and 11 (16%)
with erlotinib. Fifty-two patients (76%) were women and 52
(76%) were never-smokers, with the median age of all patients
being 69 years (range, 39-87). Sixty-seven patients (99%) had
adenocarcinoma, and 59 (87%) had disease of stage I1Ib or I'V.
Most patients (90%) had a good Eastern Cooperative Oncology
Group performance status (0 or 1), and 38 (56%) received
EGFR-TKI treatment as first-line chemotherapy. With regard to
the type of EGFR mutation, 34 patients (50%) had a deletion in
exon 19, 31 (46%) had a missense mutation in exon 21 (L858R
or L861Q), and three (4%) had a G719A mutation in exon 18,

Analysis of PFS and OS According to
Response to EGFR-TKI Treatment

According to the RECIST criteria, six patients experi-
enced a CR, 42 patients a PR, 14 patients SD, and six patients

] 145 EGFR mutation-positive NSCLC patients treated with an EGFR-TKﬂ

—————‘f 14 patients had only immeasurable lesions i

—-—>| 59 patients were not evaluated at least every 8 weeks

4 patients discontinued EGFR-TKI treatment because of
adverse events

68 EGFR mutation-positive patients treated with an EGFR-TKI were
enrolled

FIGURE 1. Flowchart of patient selection. EGFR-TKI, epider-
mal growth factor receptor gene tyrosine kinase inhibitor;
NSCLC, non-small-cell lung cancer.

Copyright © 2013 by the International Association for the Study of Lung Cancer

TABLE 1. Characteristics of the Enrolled NSCLC Patients
with £EGFR Mutations (17 = 68)
Characteristic Subset No. of patients (%)
Sex Male 16 (24)
Female 52(76)
Median (range) age in 69 (39-87)
years
Smoking history Never-smoker 52(76)
Smoker 16 (24)
Tumor histology Adenocarcinoma 67 (99)
Squamous cell carcinoma (1)
ECOG performance 01 61 (90)
status
2-3 7 (10)
Disease stage b 9(13)
v 50 (74)
Postoperative recurrence 9(13)
No. of previous 0 38(56)
chemotherapies
1 22(32)
22 8(12)
EGFR mutation Deletion of exon 19 34 (50)
[.858R mutation in exon 21 30 (44)
L.861Q mutation in exon 21 [NEN]
G719A mutation in exon 18 34
EGFR-TKI Gefitinib 57 (84)
Erlotinib 11 (16)
Response to EGFR-TKI Complete response 6(9)
Partial response 42 (62)
Stable disease 14 (21)
Progressive disease 6(9)

EGFR-TKI, epidermal growth factor receptor gene tyrosine kinase inhibitor: ECOG,
Eastern Cooperative Oncology Group.

progressive disease (PD) (Table 1). The response rate (CR +
PR) and disease control rate (CR + PR +SD) were thus 71%
(48 of 68 patients) and 91% (62 of 68 patients), respectively.
For the entire cohort, the median PFS was 11.3 months (95%
confidence interval [CI], 7.5-15.2) and the median OS was
24.9 months (95% CI, 8.8-40.9). Analysis of PFS according to
response to EGFR-TKI treatment revealed a significant bene-
fit for the CR/PR group compared with the SD group (median
of 15.9 versus 8.5 months, p = 0.009) (Fig. 24). Kaplan—-Meier
curves for OS also revealed a significant benefit for the CR/
PR group compared with the SD group (median of 44.4 versus
12.2 months, p = 0.004) (Fig. 2B).

To rule out potential confounding interaction between
response and other factors, we performed multivariate analysis
for PFS and OS (Table 2). Response (CR or PR) to EGFR-TKI
treatment (hazard ratio [HR], 0.33; 95% CI, 0.17-0.62;
p=0.001) and a favorable performance status (HR, 0.25; 95%
CI, 0.10-0.65; p = 0.004) were significantly associated with
PFS, whereas response (CR or PR) to EGFR-TKI treatment
(HR, 0.29; 95% CI, 0.13-0.68; p = 0.004), a favorable perfor-
mance status (HR, 0.18; 95% CI, 0.05-0.65; p = 0.008), and
female sex (HR, 0.22; 95% CI, 0.06-0.79; p = 0.021) were
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significantly associated with OS. Other covariables (smoking
history, age, EGFR genotype, and type of mutation) did not
affect PFS or OS.

Relation of Maximal Tumor Shrinkage to PFS
Given that a response to EGFR-TKI treatment was
found to be associated with a longer PFS and OS, we investi-
gated the impact of a marked reduction in tumor size on sur-
vival outcome among patients who achieved a CR or PR. The
maximal decrease in tumor size over time ranged from 30%
to 100% for this group, with a median value of 56% (Fig. 3).
No significant correlation was detected between maximal
tumor shrinkage and PFS (R? = 0.0008), however (Fig. 44).
We divided this group of patients into two subgroups accord-
ing to maximal tumor shrinkage (low shrinkage, <56%; high
shrinkage, 256%), but no trend toward a more favorable PFS
(p = 0.87) (Fig. 4B) or OS (p = 0.55) (Fig. 4C) was apparent
in the subset of patients who experienced a more pronounced
change in tumor size in response to EGFR-TKI therapy.

PFS According to TTR

We next investigated the impact of rapid tumor shrink-
age, as reflected by TTR, on survival outcome among patients
who achieved a CR or PR. The median TTR was 4.2 weeks
(95% CI, 3.9-4.5), with most patients (97%) achieving a CR
or PR within 2 months after initiation of EGFR-TKI treat-
ment. No correlation was apparent between TTR and PFS
(R?=0.0084; Fig. 4D). We divided this group of patients into
two subgroups according to TTR (long TTR, >4.2 weeks;
short TTR, <4.2 weeks), but there was no significant differ-
ence in PFS (p = 0.29; Fig. 4EF) or OS (p = 0.58; Fig. 4F)
between patients with a long or a short TTR.

DISCUSSION
EGFR-TKIs such as erlotinib and gefitinib are highly
effective for the treatment of NSCLC patients harboring acti-
vating EGFR mutations.*” The efficacy of EGFR-TKI treat-
ment varies, however, even among EGFR mutation—positive
NSCLC patients, with no studies to date having evaluated

TABLE 2. Multivariate Analysis for Survival after Initiation of EGFR-TKI Treatment in NSCLC Patients with EGFR Mutations (n = 68)

Progression-Free survival

Overall Survival

Factor HR 95% C1 P HR 95% CI p

Sex (female/male) 0.37 0.14-1.03 0.056 0.22 0.06-0.79 0.021
ECOG PS (0-1/2-3)" 0.25 0.10-0.65 0.004 0.18 0.05-0.65 0.008
Smoking history (never-smoker/smoker) 1.19 0.48-2.96 0.716 22 0.74-6.59 0.156
Age (£ 69/>70 years) 1.00 0.52-1.92 0.999 0.96 0.43-2.14 0917
EGFR mutation (E19del/other) 0.66 0.35-1.23 0.190 0.49 0.21-1.14 0.096
EGFR-TKI (erlotinib/gefitinib) 0.96 0.38-2.42 0.928 1.59 0.53-4.82 0.409
Response ([CR + PR}/[SD + PD]) 0.33 0.17-0.62 0.001 0.29 0.13-0.68 0.004

“At initiation of EGFR-TKI treatment.

EGFR-TKI, epidermal growth factor receptor gene tyrosine kinase inhibitor; ECOG, Eastern Cooperative Oncology Group: CI, confidence interval; HR, hazard ratio; CR, complete
response; PR, partial response; SD, stable disease: PD, progressive disease: PS, performance status; E19del, exon-19 deletion.

p values <0.05 are shown in bold.
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Survival versus Tumor Response or Shrinkage
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survival according to tumor response among such individu-
als. We have now shown that PFS and OS were significantly
longer in such patients who achieved a CR or PR than in those
who manifested SD. Multivariate analysis also revealed that a
response (CR or PR) to EGFR-TKI treatment was associated
with a longer PFS and OS, suggesting that response might
represent the optimal surrogate for efficacy in patients with
EGFR mutation—positive tumors treated with EGFR-TKIs.

Low shrinkage

High shrinkage

FIGURE 3. Waterfall plot of the maximal
decrease in tumor size over time relative

to the pretreatment baseline for individual
patients treated with epidermal growth
factor receptor gene tyrosine kinase inhibi-
tor who achieved a partial response or
complete response. The median decrease
of 56% was used to define patient sub-
groups characterized by low or high tumor
shrinkage.

Although SD is a relatively more complex category than
CR or PR, ranging from a minor decrease to a minor increase
in tumor size, we found that most £EGFR mutation—positive
NSCLC patients who experienced SD with EGFR-TKI
therapy showed some tumor shrinkage, ranging from 4% to
27% relative to baseline, and the median PFS in this group
of patients was 8.5 months, which seems better than that of
individuals who experienced SD among unselected NSCLC
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FIGURE 4. Relation between survival and either maximal tumor shrinkage or time to response for patients treated with
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receptor gene tyrosine kinase inhibitor.
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patients treated with EGFR-TKIs.? Given that patients who
achieved a CR or PR showed a significantly longer survival
after EGFR-TKI treatment than did those who experienced
SD in our study, SD might reflect an insufficient survival ben-
efit for such treatment in EGFR mutation—positive patients.
Further studies are therefore warranted to elucidate the molec-
ular mechanism responsible for SD, with several candidates
having been identified.*!"" Analysis of pretreatment tumor
specimens from NSCLC patients harboring EGFR mutations
revealed that a high level of expression of hepatocyte growth
factor, a ligand of the receptor tyrosine kinase MET, occurred
more frequently in tumors with intrinsic EGFR-TKI resistance
(SD or PD) than in sensitive tumors (PR or CR).” In addition,
the T790M mutation of EGFR, which has been associated with
acquired resistance to EGFR-TKIs in NSCLC patients har-
boring activating EGFR mutations, was recently shown to be
present in some patients before treatment with EGFR-TKIs.
Among EGFR mutation—positive NSCLC patients treated
with EGFR-TKIs, those with a de novo T790M mutation were
found to have a significantly shorter PFS than were those with-
out it.!*!! New treatment strategies are thus needed to improve
outcome for patients in whom these candidate mechanisms for
SD are operative.

Oncogene-addicted tumors have clinical features asso-
ciated with rapid and marked tumor shrinkage after admin-
istration of a corresponding molecularly targeted drug. Such
clinical features are considered to reflect early improved qual-
ity of life.'*'* However, the impact of rapid and pronounced
tumor shrinkage on survival outcome in EGFR-TKI-treated
NSCLC patients who harbor an £GFR mutation and who
show a CR or PR has remained unknown. We have now shown
that neither the maximal extent of tumor shrinkage nor TTR
was related to PFS or OS in such patients. Patients who har-
bor EGFR mutations eventually develop resistance to TKIs
through the acquisition of additional genetic changes, such
as the T790M mutation of EGFR or MET amplification. Our
findings suggest that time to acquired resistance (disease pro-
gression) after initiation of EGFR-TKI therapy is defined by
the duration of EGFR-TKI exposure, regardless of the time
to onset of tumor response or the extent of tumor shrinkage.

The limitations of the present study include a retrospec-
tive design and a relatively small number of patients. Although
all patients enrolled for this analysis were evaluated at least
every 8 weeks until response confirmation, they underwent
computed tomographic imaging at different time points.

In conclusion, response (CR or PR) may represent the
optimal surrogate for survival among EGFR mutation—posi-
tive NSCLC patients treated with EGFR-TKIs. Moreover, our
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results suggest that the survival benefit of EGFR-TKI treat-
ment in patients who achieve a CR or PR is not influenced by
the pattern of tumor shrinkage.
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ABSTRACT:

Molecular markers for predicting or monitoring the efficacy of bevacizumab
in patients with metastatic colorectal cancer (mCRC) remain to be identified. We
have now measured the serum concentrations of 25 angiogenesis-related molecules
with antibody suspension bead array systems for 25 mCRC patients both before and
during treatment in a previously reported phase II trial of FOLFIRI chemotherapy
plus bevacizumab. The serum concentration of vascular endothelial growth factor—-A
(VEGF-A) decreased after the onset of treatment (P < 0.0001), whereas that of
placental growth factor increased (P < 0.0001). Significant differences in the levels
of several factors (such as VEGF-A, soluble VEGF receptor-2, and interleukin-8) were
apparent between responders and nonresponders during treatment. The rapid and
pronounced decrease in serum VEGF-A level after treatment onset was apparent in all
subjects and was independent of the baseline concentration. However, four of nine
nonresponders showed a subsequent early increase in the serum VEGF-A level. Our
results thus suggest that an early increase in the serum VEGF-A concentration after
the initial decrease is a potential predictive marker of a poor response and reactive
resistance to bevacizumab plus chemotherapy.

INTRODUCTION application of this strategy being pursued in the form

of multiple modalities that include the development of

Angiogenesis, defined as the formation of new specific inhibitors of signaling by vascular endothelial

blood vessels from a preexisting vasculature, is essential growth factor (VEGF) and its cognate receptors
for tumor growth and the spread of metastases [1, 2]. (VEGFRs). Bevacizumab is a humanized monoclonal
Inhibition of angiogenesis is therefore considered a antibody specific for VEGF-A, a key inducer of
promising strategy for cancer treatment, with clinical angiogenesis in tumors, and it has been found to manifest
www.impactjournals.com/oncotarget 2588 Oncotarget
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clinical activity in patients with metastatic colorectal
cancer (mCRC) [3]. Furthermore, the cytotoxicity of
chemotherapy is blunted by the production of VEGF
and other proangiogenic factors that recruit new
endothelial cells and protect them from chemotherapy,
and bevacizumab transiently “normalizes” the abnormal
structure and function of the tumor vasculature to
render it more efficient for oxygen and drug delivery
[4]. Indeed, bevacizumab is effective against metastatic
colorectal cancer (mCRC) mainly in combination with
chemotherapeutic drugs.

The efficacy of chemotherapy plus bevacizumab
varies among patients, however, and so the ability
to identify tumors likely to be most sensitive to such
treatment would help to optimize the implementation
of this approach as well as provide important insight
into the mechanisms of resistance. The identification
of a biomarker predictive of bevacizumab treatment
outcome has proven to be challenging. Angiogenesis
is a complex and highly adaptive biological process,
with multiple factors in addition to VEGF-A playing an
essential role, including placental growth factor (PIGF),
fibroblast growth factors (FGFs), platelet-derived growth
factor (PDGF), angiopoietins, and various additional
cytokines [5]. Reactive resistance to bevacizumab in
combination with chemotherapy is mediated in part by
hypoxia-inducible factor—1 (HIF-1) and its transcriptional
activation of genes for multiple factors including VEGF-A
and FGFs.

Extensive biomarker analysis has been conducted
in numerous clinical trials of bevacizumab, with
evaluation of the relation between circulating VEGF-A
levels at baseline and treatment outcome having been
performed in most cases [6]. Although a few studies
have detected a significant correlation between the
baseline serum concentration of VEGF-A and the
outcome of antiangiogenic therapy [7], many others
have not. The inconsistency of these results emphasizes
the need for evaluation of predictive biomarkers in a
dynamic manner—that is, before and after the onset of
antiangiogenic treatment.

We have previously described a phase II study
(AVASIRI trial) designed to investigate the efficacy of a
bevacizumab plus FOLFIRI (folinic acid, 5-fluorouracil,
irinotecan) regimen as a second-line treatment for
individuals with metastatic colorectal cancer (mCRC) [8].
Promising results were obtained with regard to response
rate (32%), progression-free survival (PFS) time (median
of 11.6 months), and overall survival (OS) time (median
of 21.4 months). Serum samples were collected at various
time points during the trial for measurement of the levels
of 25 angiogenesis-related molecules. We now present the
results of the analysis of these serum samples from the
AVASIRI trial.

RESULTS

Patient characteristics

Serum samples were available for all 25
patients treated with FOLFIRI and bevacizumab. The
characteristics of the study patients are shown in Table
1. The median age was 62 years (range, 38-73), and the
male/female distribution was 20/5. The overall response
rate was 32%, with 8 patients showing a partial response,
15 stable disease, and 2 disease progression. Median
progression-free survival (PFS) and overall survival (OS)
were 11.6 months [95% confidence interval (CI), 6.9~
16.4] and 21.4 months (95% CI, 12.0-30.8), respectively.

Circulating levels of angiogenesis-related
molecules before and during treatment with
FOLFIRI and bevacizumab

We examined changes in the serum concentrations
of 25 angiogenesis-related molecules between before
(baseline) and after the onset of treatment with FOLFIRI
plus bevacizumab (Figure 1). The baseline serum
concentrations varied widely among individuals, with the
values for VEGF-A, for example, ranging from 13 to 907
pg/mL. Significant changes in the serum levels of various
molecules were apparent at various time points during
treatment compared with baseline (Figure 2). Of note,
the serum concentration of VEGF-A decreased markedly
after the onset of treatment (from 337.7 + 244.4 pg/mL at
baseline to 1.9+ 5.0, 5.6 £12.6, 8.2+ 17.5, and 7.3 + 20.8
pg/mL at 1, 2, 4, and 6 months, respectively; P <0.0001),
whereas that of PIGF showed a pronounced increase (from
4.1+ 3.4 pg/mL at baseline to 17.6 £ 9.0, 19.9+ 7.9, 21.9
+12.3, and 24.4 + 10.8 pg/mL at 1, 2, 4, and 6 months,
respectively; P < 0.0001). Given that these results were
obtained with paired samples from the same individuals
at baseline and after the onset of treatment, the observed
changes were likely attributable to the administration of
FOLFIRI plus bevacizumab.

Serum concentrations of angiogenesis-related
molecules and PFS

We divided the patients into two groups on the
basis of progression-free survival (PFS) time. Given
that the median PFS for patients with mCRC treated
with chemotherapy plus bevacizumab in the second-line
setting was previously found to be ~7 months [9], we
dichotomized our patient population according to a PFS
of 7 months (responders, >7 months; nonresponders, <7
months). None of the 25 molecules examined served as
a predictive marker on the basis of the baseline serum
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Table 1: Summary of patient characteristics and AVASIRI trial results.

Median (range) age of patients (years) |62 (38-73)

ECOG performance status 0/1 16/9

Male/female 20/5

Primary lesion in colon/rectum 12/13

Prior treatment with/without FOLFOX |16/9

Overall response rate (% 32 (90% CI, 17.0-50.4)
Median PFS (days) 349 (95% CI, 207-491)
Median OS (days) 642 (95% CI, 359-925)

Abbreviations not defined in text: ECOG, Eastern Cooperative Oncology Group; FOLFOX,
folinic acid plus 5-fluorouracil plus oxaliplatin.
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Figure 1: Flow diagram for analysis of the study subjects. Paired serum samples were available for 25 patients at baseline and at

1 month after the onset of treatment, for 22 patients at 2 months, for 21 patients at 4 months, for 18 patients at 6 months, and for 8 patients
at the onset of progressive disease (PD) or last follow-up.
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Figure 2: Serum concentrations of 25 angiogenesis-related molecules at baseline and at 1, 2, 4, and 6 months after the

onset of FOLFIRI with bevacizumab treatment. Data are means + SD for the numbers of samples indicated in Figure 1. *P <0.05,
+P < 0.0001 versus the corresponding baseline value (Student’s paired ¢ test). All values represent picograms per milliliter.
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concentrations, whereas significant differences in the
levels of various molecules [including soluble VEGFR-2
(sVEGFR-2), interleukin (IL)-8, VEGF-A, and VEGF-C]
at various time points during treatment were apparent
between responders and nonresponders (Table 2).

Relation  between = FOLFIRI-bevacizumab
treatment and changes in serum VEGF-A level

Finally, we investigated the relation between
changes in the serum concentration of VEGF-A and the
duration of treatment with FOLFIRI plus bevacizumab
(Figure 3). Several patients manifested an increase in
the serum VEGF-A level around the time of disease

A

progression relative to the lowered value apparent after
the onset of treatment and during its administration for
several months. Of note, four nonresponders showed an
early increase in the serum concentration of VEGF-A
(cases 17-20 in Figure 3B). The PFS of these four patients
was significantly shorter than that of the other 21 patients
(200 versus 373 days, respectively; P = 0.009, Student’s
unpaired 7 test), suggesting that an early increase in
serum VEGF-A level subsequent to an initial decrease is
predictive of early resistance to bevacizumab. On the other
hand, the serum concentration of VEGF-A remained stable
at the time of disease progression in other patients (cases
13—16). Patient 15 continued treatment with bevacizumab,
in combination with a different chemotherapy regimen
(mFOLFOXG6), beyond disease progression.
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Figure 3: Analysis of changes in the serum concentration of VEGF-A. (A) Time course of serum VEGF-A level in responders
and nonresponders. (B) Time course of serum VEGF-A concentration in relation to the duration of treatment with bevacizumab plus
chemotherapy (gray bars) and the detection of disease progression (black arrows). Cases 1to 16 and 17 to 25 correspond to responders and
nonresponders, respectively. The vertical and horizontal axes represent serum VEGF-A (pg/mL) and time (months), respectively.
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Table 2: Serum concentrations of 25 angiogenesis-related molecules at baseline and at the indicated times after the
onset of treatment with FOLFIRI plus bevacizamab in responders and nonresponders. Data are means = SD. The P
values for comparisons between responders (RES) and nonresponders (non-RES) were determined with Student's unpaired t

test; those of <0.05 are shown in bold.

Serum concentraion (pg/ml)

Baseline (N = 25) 1 month (N = 25) 2 menths (N = 22} 4 months (N = 21) 6 months (N = 18)
RES noneRES P vlue RES nen-RES P yalug RES non-RE: P value RES non-RES F valye RES non-RES P value
TGF-p1 164 £33 149 2 48 0443 145 £ 39 138 ¢ 46 o722 T4z 232 158 £ 70 D524 151 2 35 21228 0657 157 £ 29 123+ 28 00886
TGF-E2 1243 1243 ama 103 W3 0881 A 1222 D379 11ed Wl 0352 1123 EEN Q176
sEGFR 1313 1424 G238 1323 X o571 1323 154 o241 1343 REE ) €180 1423 1812 0.018
BFGF 146 2 38 159 & 26 0352 150 & 47 167 ¢ 32 02346 145 £ 35 182 £ 45 0.031 148 £ 40 177 £ 29 0115 457 £ 43 195 £ 39 0156
Follistalin 736 & 310 oG 2 198 o783y B27 £ 257 602 2 143 0778 G464 1 208 860 #1388 0B84 620 £ 202 FAG £ 185 0242 555 % 227 997 2131 0.004
G-CSF 61211 84210 0810 63 410 6225 0947 B2 7 0% 11 G719 65+ 10 f9x12 0347 &4 110 65 % 19 0866
sHERZ 3897 + 920 3014 1811 0580 3645 1 971 3906 » 599 0443 3616 & 97 4207 + 308 0.040 3737 £ 840 4148 21011 0.442 3700 % 856 AGB6 + 428 0.010
HGF 1222 4 279 1470+ 303 0093 1155 £ 328 1332 £ 289 G216 1157 4 293 1860 £ 674 4131 1201 £ 274 1599 & 422 0103 1289 £ 362 1921 4 573 0110
sl-8Ra 7883 & 1714 6899 £ 1465 o483 TO37 £ 1567 5905 & 825 0.035 G814 1672 8097 £ 700 5104 7020 £ 1616 6266 2 2505 0855 7124 2 1715 6816 £ 1467 o727
Leptin 1508 + 10458 2038 £ 1364 0475 1704 £ 1045 2118 2 1257 0457 1765 £ 912 2054 4 1662 0630 1823 2 702 1625 £ 805 0840 1603 £ 836 1379 & 455 0133
Osteopontin 54 229 56 % 18 0582 58420 61518 0885 57 397 67 £21 0366 54 %12 67 32 Dad1 B5 %31 95+ 86 0538
PDGF BI97 £ 2438 6488 £ 1321 aBtz AG7E £ 2276 SUAS & 146D Q884 4770 £ 2124 GB7A 21753 0246 5224 % 2244 5372 £ 1825 0885 6095 £ 2085 7582 £ 2702 0.365
PECAK-1 3034 2 749 3116 & 489 G753 3018 & 746 3081 ¢ 548 0823 2959 % 544 3204 £ 257 0072 32114785 3468 £ 323 0317 3097 £ 760 3857 £ 711 0421
Profactin 1017 WwEs 0884 LR teb 0451 1+8 1529 D374 W06 1348 0450 B4 26+ 19 0159
BCF 207 4 58 210 ¢ 44 0892 218 2 82 2327 0587 218 £ 55 249 £ 55 0270 226 2 55 276 £ 91 0297 227 £61 279 420 0.016
SANG-2 544 1043 0139 7x4 9z3 0292 Tx4 10£2 0.030 7E4 M3 0.027 LR 1243 00852
SVEGFR-1 289 + 139 280 & 67 o897 282 + 165 28+ 67 0774 261 %133 355 £ 148 0199 264 £ 123 324 £ 120 0266 275 £ 140 344 £ 68 0.201
SVEGFR-2 2126 £ 873 2388 4 682 0445 2067 £ 917 2338 £ 785 0483 2001 £ 750 2667 £ 799 0171 1995 £ 792 2794 £ 418 0.012 2004 % 887 2936 + 473 0.020
EGF 50 %34 26 %28 0097 38 2 30 3x28 0628 58 & 32 31221 0.038 59 239 56 + 37 0861 59 1 40 62 + 43 0882
HEB-EGF 44 £ 14 47424 a.ea7 39213 38 %26 0966 40+ 13 48 £ 32 0673 45 ¢ 14 359 0138 46 £ 15 35412 0183
-8 14 £ 15 24 13 o115 W6 97 0.027 816 171 0109 86 15210 0216 Gx6 18 ¢ 10 0.165
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VEGF-C 23118 2316 0895 15+ 15 1627 0813 16 13 27z 12 0082 1712 2848 0.047 21216 26211 0603
VEGF-D 343 122 0235 424 1x2 0083 554 48 0626 58 615 0713 616 78 0765
DISCUSSION suggest that the antibody suspension bead array system

The introduction of novel molecularly targeted
therapies, including antiangiogenic and anti—epidermal
growth factor receptor (EGFR) agents, has increased the
options available for treatment of mCRC [9]. At present,
bevacizumab in combination with fluoropyrimidine-
based chemotherapy is widely recognized as a standard
treatment for mCRC [3, 9, 10]. However, no biomarker
has previously been identified as a predictor of benefit
from bevacizumab treatment, with the identification
of such a molecular biomarker being a current priority
of clinical research [11]. In the present study, we have
addressed this issue by measuring the serum levels of
multiple angiogenesis-related factors both before and
during treatment of mCRC patients with bevacizumab
plus FOLFIRI.

Most previous studies have found that the circulating
concentration of VEGF-A, as measured with standard
enzyme-linked immunosorbent assays, increases after
the onset of antiangiogenic treatment [7, 12-18], whereas
more recent studies have shown a decrease in VEGF-A
levels after treatment onset [19-21]. We have now shown
that treatment with bevacizumab plus chemotherapy was
associated with a rapid and highly significant decrease in
the serum concentration of VEGF-A that was independent
of the baseline concentration and which, in most cases,
remained apparent throughout the duration of therapy,
similar to the results of a previous pharmacodynamic
analysis of angiogenesis-related factors [22]. Although
it remains unclear whether circulating VEGF-A in
individuals treated with bevacizumab is free or bound to
the antibody, given that bevacizumab is administered at
doses high enough to give rise to such binding, our results

adopted in the present study measures VEGF-A that is free
of bevacizumab.

An initial decrease in serum VEGF-A level was
observed in all patients of the present study. However,
some patients manifested a subsequent early small but
definite increase in this parameter. This latter finding may
be related to the assay measuring free VEGE-A and may
therefore reflect a compensatory increase in the circulating
concentration of this factor. Our observation that the PFS
of such patients was shorter than that of the other subjects
suggests that the development of acquired resistance to
bevacizumab treatment may be driven in part by loss of the
ability to suppress the circulating level of free VEGF-A.
VEGF-A promotes the survival of and increases resistance
to chemotherapy in cancer cells. Chemotherapy acts as
an “accidental” antiangiogenic therapy (action), whereas
VEGF-A and other proangiogenic factors recruit new
endothelial cells and protect them from the cytotoxicity of
chemotherapy (reaction) [4, 23]. Bevacizumab is thought
to block this reaction. From this perspective, our results
suggest that an early increase in VEGF-A levels after the
initial decrease is a potential predictive marker of reactive
resistance to bevacizumab that results in a shorter PFS
in patients treated with the combination of FOLFIRI and
bevacizumab.

Despite the predominant role of VEGF-A, multiple
other factors contribute to regulation of the complex and
highly adaptive process of angiogenesis. Investigation of
potential biomarkers other than VEGF-A is thus important,
given the role of these other factors in tumor angiogenesis
and vessel maturation. However, only a few studies
have previously examined multiple angiogenesis-related
proteins during bevacizumab treatment in a dynamic
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manner [22]. We have now detected significant treatment-
induced changes in the serum concentrations of several
angiogenesis-related molecules including PIGF. Previous
biomarker analyses also described an increase in the
circulating concentration of PIGF in response to VEGF-
targeted treatment [12, 14, 15, 17, 22]. Indeed, targeting
of PIGF is under consideration as a novel approach to
prevent tumor escape from VEGF-targeted therapy [24].
However, we did not detect a significant difference in
serum PIGF levels after bevacizumab administration
between responders and nonresponders in the present
study. A previous study also found that the combination of
antibodies to PIGF and those to VEGF-A did not yield a
greater antitumor effect in vitro or in vivo compared with
antibodies to VEGF-A alone [25]. Our data thus suggest
that the increase in circulating PIGF level observed after
the onset of bevacizumab treatment does not play a major
role in the development of resistance to bevacizumab in
the clinical setting.

On the other hand, we detected significantly higher
serum concentrations of several angiogenesis-related
factors [such as IL-8, soluble angiopoietin IT (SANG-2),
basic FGF (bFGF), stem cell factor (SCF), and VEGF-C]
in nonresponders compared with responders at various
time points during treatment. Resistance to VEGF-A
pathway inhibitors might occur through VEGF-A—
independent mechanisms, such as up-regulation of other
proangiogenic factors [26-28]. Given that targeting of
these molecules may provide a basis for novel approaches
to prevent tumor escape from bevacizumab treatment,
further analysis of multiple angiogenesis-related factors
in a large number of patients is warranted.

In conclusion, our present results indicate that an
early increase in the serum concentration of VEGF-A after
the initial decrease may be a potential predictive marker
of a poor response and reactive resistance to bevacizumab
plus chemotherapy.

METHODS

Patients

The main inclusion criteria for the present study
were the same as those previously described for the
AVASIRI trial [8]. In brief, they comprised a histologically
confirmed diagnosis of colorectal cancer; failure of
first-line treatment with 5-fluorouracil- or oxaliplatin-
based chemotherapy without bevacizumab or CPT-11
(irinotecan); measurable disease according to RECIST
(ver. 1.0); and metastatic disease deemed unresectable
- at baseline. Enrolled patients received biweekly
administrations of the FOLFIRI regimen, consisting of
CPT-11 (150 mg/m?) on day 1, given as a 2-h infusion
concurrent with leucovorin (folinic acid, 200 mg/m?),

followed by 5-fluorouracil given by injection (400 mg/
m?) and then as a 46-h continuous infusion (2400 mg/
m?). Bevacizumab was administered at a biweekly dose
of 10 mg/kg before the FOLFIRI regimen. Treatment
was discontinued in the event of disease progression,
unacceptable toxicity, or withdrawal of consent. Patients
underwent a computed tomography scan after every four
cycles of treatment for evaluation of tumor response. They
provided written informed consent to receive the treatment
and to participate in translational analyses.

Sample collection and analysis

Blood samples were obtained from all assigned
patients at baseline (before the first dose of study drugs)
as well as at 1, 2, 4, and 6 months after the onset of the
treatment protocol (Figure 1). In addition, blood samples
from eight patients who received the study treatment
for >6 months were obtained at the time of disease
progression or last follow-up. Serum separated from the
blood samples was stored at —80°C until analysis.

The serum levels of VEGF-A, VEGF-C, VEGF-D,
PIGF, epidermal growth factor (EGF), IL-8, and heparin-
binding EGF-like growth factor (HB-EGF) were measured
with the use of a Milliplex MAP Human Angiogenesis/
Growth Factor Magnetic Bead Panel (Merck Millipore,
Billerica, MA, USA). Magnetic antibody-conjugated
beads were subjected to ultrasonic treatment for 30 s and
then to vortex-mixing for 1 min in order to reduce bead
aggregation. All samples, quality controls, and standards
were prepared as recommended with the supplied diluents
and were processed in duplicate batches. Assay buffer
(200 pL) was added to each well and then decanted. Each
sample (25 pL) and the prepared beads (25 pL) were then
added to the wells together with buffering solutions. The
plate was sealed, incubated overnight at 4°C, and washed
three times, after which detection antibodies (25 pulL) were
added to each well and the plate was incubated for 1 h
at room temperature. Streptavidin-phycoerythrin (25 ul)
was then added to each well, after which the plate was
incubated for an additional 30 min at room temperature
and washed three times. Sheath fluid (100 pL) was finally
added to each well, and the assay plate was analyzed with
the Luminex 100 instrument.

The serum levels of transforming growth factor
(TGF)-B1 and TGF-B2 were measured with a Milliplex
MAP Multi-Species TGFB 3-Plex panel (Merck
Millipore), whereas those of various additional factors
related to angiogenesis were measured with a Bio-Plex
Pro Human Cancer Biomarker Panel 1, 16-Plex (Bio-
Rad, Hercules, CA, USA) as previously described [29].
The latter factors included soluble EGFR (sEGFR), bFGF,
osteopontin, PDGF-AB/BB, follistatin, granulocyte
colony-stimulating factor (G-CSF), platelet endothelial
cell adhesion molecule—1 (PECAM-1), prolactin, soluble
human EGF receptor 2/NEU (sHER2/NEU), hepatocyte
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growth factor (HGF), SCF, sSANG-2, soluble IL-6 receptor
o (SIL-6Ra), leptin, sSVEGFR-1, and sVEGFR-2.

Statistical analysis

Serum factor levels at baseline (pretreatment) were
compared with those at 1, 2, 4, or 6 months after treatment
onset with the use of Student’s paired / test in order to
evaluate the significance of changes induced by the study
treatment. The relations between treatment efficacy and
serum factor levels were analyzed with Student’s unpaired
{ test. A P value of <0.05 was considered statistically
significant. All statistical tests were performed with SPSS
version 14.0 software (SPSS, Chicago, IL, USA).
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Abstract

Purpose: lireversible EGFR-tyrosine kinase inhibitors (TKI) are thought to be one strategy to overcome
EGER-TKI resistance induced by T790M gatekeeper mutations in non-small cell lung cancer (NSCLC), yet
they display limited clinical efficacy. We hypothesized that additional resistance mechanisms that cooperate
with T790M could be identified by profiling tyrosine phosphorylation in NSCLC cells with acquired
resistance to reversible EGFR-TKI and harboring T790M.

Experimental Design: We profiled PC9 cells with TKI-sensitive EGFR mutation and paired EGFR-TKI-
resistant PCOGR (gefitinib-resistant) cells with T790M using immunoaffinity purification of tyrosine-
phosphorylated peptides and mass spectrometry-based identification/quantification. Profiles of erlotinib
perturbations were examined.

Results: We observed a large fraction of the tyrosine phosphoproteome was more abundant in PC9- and
PCIGR-erlotinib-treated cells, including phosphopeptides corresponding to MET, IGF, and AXL signaling.
Activation of these receptor tyrosine kinases by growth factors could protect PCIGR cells against the
irreversible EGFR-TKI afatinib. We identified a Src family kinase (SFK) network as EGFR-independent and
confirmed that neither erlotinib nor afatinib affected Src phosphorylation at the activation site. The SFK
inhibitor dasatinib plus afatinib abolished Src phosphorylation and completely suppressed downstream
phosphorylated Akt and Erk. Dasatinib further enhanced antitumor activity of afatinib or T790M-selective
EGER-TKI (WZ4006) in proliferation and apoptosis assays in multiple NSCLC cell lines with T790M-
mediated resistance. This translated into tumor regression in PCIGR xenograft studies with combined
afatinib and dasatinib.

Conclusions: Our results identified both codrivers of resistance along with T790M and support further
studies of irreversible or T790M-selective EGFR inhibitors combined with dasatinib in patients with NSCLC

with acquired T790M. Clin Cancer Res; 20(15); 4059-74. ©2014 AACR.

Introduction

Despite the benefits shown with EGFR-tyrosine kinase
inhibitor (EGFR-TKI) treatment in patients with non-small
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cell lung cancer (NSCLC) with TKI-sensitive EGFR muta-
tions (1, 2), acquired resistance is a critical clinical problem.
A secondary point mutation in exon 20 of EGFR that
substitutes methionine for threonine atamino acid position
790 (T790M) was identified in patients with NSCLC who
developed acquired resistance to gefitinib or erlotinib (3, 4).
Nearly 50% of patients with NSCLC with acquired resis-
tance to EGFR-TKIs have the T790M secondary mutation
(5-7). lireversible EGFR-TKIs, such as CL387,785 (8),
PF00299804 (9), BIBW-2992 (afatinib; ref. 10), and HKI-
272 (11), are thought to be one strategy to overcome
T790M-induced resistance. However, a number of studies
have shown their limited activity in cells with T790M
mutations given the increased affinity of ATP binding to
T790M EGFR proteins or through mechanisms affecting
other pathways such as MET activation (8, 9, 12-18).
Clinical studies have also highlighted the limited efficacy
of irreversible EGFR-TKlIs. In the LUX-Lung 1 Trial,
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conducted to compare afatinib treatment versus placebo in
patients with advanced NSCLC whose disease progressed
after receiving first-generation EGFR-TKIs (erlotinib, gefiti-
nib), afatinib did not extend the primary endpoint of
overall survival despite significant improvements in pro-
gression-free survival (19). These preclinical and clinical
results suggest that irreversible EGFR-TKIs as single agents
are insufficient to overcome resistance.

One strategy to improve on the limited efficacy of irre-
versible EGFR-TKI is through combination with other path-
way inhibitors. For example, studies that combined afatinib
with the anti-EGFR monoclonal antibody cetuximab (20)
or the PI3K/mTOR inhibitor P1-103 (12) and HKI-272
combined with mTOR inhibitor rapamycin (21) have
shown promise in overcoming T790M resistance. Another
reason for the limited efficacy of agents targeting T790M
could be mediated through other tyrosine kinases, such as
receptor tyrosine kinases (RTK), which provide additional
protection against EGFR-TKIs (22). Recent studies have
shown that growth factor ligands can protect oncogene-
addicted cells from molecularly targeted agents; thus,
altered expression of these growth factor receptors could
further identify resistance pathways (23-25).

We explored the underlying ability of some growth factor
ligands to drive resistance to TKIs by examining the basal
tyrosine phosphoproteome and the effects of EGFR-TKIs on
other RTKs. In this study, we tested the hypothesis that a
global evaluation of tyrosine phosphorylation (using mass
spectrometry) between the sensitive and resistant cells,
along with EGFR perturbations, could identify additional
resistance mechanisms that could give insight into cotarget-
ing strategies. Our results identified numerous coexpressed
RTKs and non-RTKs that, under proper environmental
circumstances, cooperate to drive resistance to EGFR-TKIs.
We further showed that Src family kinase (SFK) signaling

was independent of EGFR signaling and that cotargeting
SFKs with afatinib led to combined growth suppression inin
vitro and in vivo in cells with T790M. Globally, our results
suggest that an unbiased mass spectrometry approach can
identify codrivers of resistance that can be cotargeted to
enhance efficacy of targeted agents.

Materials and Methods

Reagents

Gefitinib, erlotinib, afatinib, and WZ4002 were pur-
chased from Chemie Tek (Indianapolis, IN). CL-387,785
was purchased from AXXORA (San Diego, CA).

Cell culture

The human H1975, H460, A549, and H1299 NSCLC cell
lines were obtained from American Type Culture Collec-
tion. The human HCC4006 NSCLC cells were kindly pro-
vided by Dr. Paul Bunn (University of Colorado, Aurora,
CO). The human HCC827 NSCLC cells were provided by
Dr. Jon Kurie (MD Anderson Cancer Center, Houston, TX).
The human PC9 NSCLC cell line was kindly provided by Dr.
Hayata, Tokyo Medical University (Tokyo, Japan). PCOGR
cells were generated by exposure of PC9 cells containing a
TKI-sensitive EGFR mutation (exon 19; E746-A750) to
gradually increasing concentrations of gefitinib, beginning
at 3 nM and up to 2 UM, for 3 months. HCC4006-T790M
and HCC827-T790M cells were generated as previously
described (26). All cell lines have been maintained in a
central repository at Moffitt since 2008. All cell lines had
been authenticated by STR analysis (ACTG Inc, Wheeling,
IL) as of September 2010, and all cells had been routinely
tested and were negative for mycoplasma (PlasmoTest,
InvivoGen, San Diego, CA). Cell viability was determined
using the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Madison, W1). Apoptosis assays were performed
using PE-conjugated monoclonal active caspase-3 antibody
apoptosis kit (BD Biosciences). Rescue experiments were
done as previously described (27).

Genotyping

Total genomic DNA from parental and resistant cells
was prepared using the DNeasy Blood & Tissue Kit (Qia-
gen, Valencia, CA) in accordance with the product man-
ual. Direct DNA sequencing was used to detect EGFR
mutations as previously described (28). We also applied
the PCR-invader assay to detect minor populations of
EGFR mutation, as previously described (29). MET gene
copy number per cell was determined by fluorescence in
situ hybridization with the use of the LSI D78522 (7q31)
Spectrum Orange and chromosome 7 centromere (CEP7)
Spectrum Green probes (Vysis; Abbott), as previously
described (30).

Tyrosine phosphoproteomics

Tyrosine phosphopeptides were purified according to the
manufacturer’s recommendations for the Cell Signaling
PhosphoScan kit (P-Tyr-100) (Cell Signaling Technology).
Briefly, 2 x 108 cells were lysed in urea buffer; extracted
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proteins (40-80 mg) were then reduced by dithiothreitol,
alkylated by iodoacetamide, and then digested by trypsin.
Peptide mixture was isolated from lysate using Sep-Pak C18
columns and then lyophilizated. Phosphorylated peptides
were immunoaffinity purified using phosphotyrosine anti-
body after lyophilizated peptide mixture was dissolved.
Volumes of phosphotyrosine peptides were then downsized
to 20 pL by vacuum drying for further experiments. The
further peptide mixture separation and phosphosite assign-
ing have been previously described (31). To quantify each
tyrosine-contained peptide, we calculated peak area [also
called extraction ion chromatography (EIC)] using Label-
free strategy and xCalibur as the tools. Identification and
quantification of some obscure peptides were manually
verified. After quantification, 774 phosphorylated tyrosine
sites were identified. An in-house algorithm was implemen-
ted to identify unique phosphorylation tyrosine (pY) sites,
remove redundant sites, and merge miss-cleaved peptides
by using protein 1D, peptide sequence, and phosphoryla-
tion start-site index, with quantification of peak areas. When
only identifiable to the level of pairs of pYs (e.g., next to each
other or up to ~11 amino acids apart), then the indepen-
dent unit for analysis was the unique pY pair (instead of
single site). Mis-cleaved phosphopeptides or fragments of
the same phosphopeptides were merged. Peptides shared by
multiple proteins were annotated. Among which, two pairs
of sequences were potential results of co-elution and there-
fore not included in further analyses. A total of 524 unique
phosphotyrosine units (pYs) or pY pairs were identified.
Quantification and stability of 5 MYG peptides across
samples were examined, with the average of 3 of them used
for normalizing the peak ratio areas across 16 samples (8
biological samples with technical duplicates) so that the
normalized quantities across samples were comparable.
Reproducibility between technical replicates for each pY
was estimated using Pearson correlation. The correspond-
ing P values were used to estimate false discovery rate. High
technical reproducibility of FDR <1% was used in our
study. In addition, if the pY was detected in at least half
of the samples in this study, i.e., at least 8 of 16 samples, it
passed the QC criteria. Among the 524 unique pY units, 403
of them passed the QC criteria and were included in the
analyses. 377 of them were unique pY sites while 26 of them
were unique pY pairs. Averages of technical replicates from 8
biological samples were used in the analyses. We used a
simple imputation (i.e., when one of technical replicates is
missing, the detected value from the other remaining tech-
nical replicate was used). Data were analyzed in log2 scale
prior to parametric analyses and also for ease of interpre-
tation. For example, the difference of 1 in log2 scale is a 2-
fold change between two conditions. Two-way ANOVA
with the interaction term was performed to answer the
following three research questions: 1) Which tyrosine sites
are differentially phosphorylated between the cell lines with
and without drug resistance? 2) Which tyrosine sites are
differentially phosphorylated between the control and erlo-
tinib-treated groups? 3) Which pYs phosphorylation
response to treatment is different between the resistant and

non-resistant cell line? To adjust for multiple hypothesis
testing, the resulting " values for the main effects of cell line
and treatment as well as the cell line-by-treatment interac-
tion term were used to estimate false discovery rate. We used
FDR <20% to declare statistical significance. We further
performed network analysis based on these potential can-
didates. Interactions among all identified tyrosine phos-
phorylated proteins were retrieved from the Molecular
Interaction database (MINT) (32); the IntAct database
(33); the Database of Interacting Proteins (DIP) (34); the
General Repository for Interaction Datasets (BioGRID) (35)
and the Biomolecular Interaction Network Database
(BIND) (36) using InnateDB (37) and visualized in Cytos-
cape 2.8.3 (38).

Protein expression analysis

Western blot analysis of whole cell lysates was performed
as described previously (27). Primary antibodies to EGFR,
MET, pTyr 1234/1235 MET, IRS2, pTyr 1131 IGFIR, AXL,
pTyr 702 AXL, Src, pTyr 416 Src, Akt, pSer 473 Akt, Erk,
pThr202/Tyr204 Erk, and PARP were obtained from Cell
Signaling Technology. Primary antibodies to pY1068-EGFR
were obtained from Invitrogen (Carlsbad, CA). Primary
antibodies to f-actin were purchased from Sigma-Aldrich
(St. Louis, MO).

Assessment of tumor growth inhibition in vivo

All animal procedures were approved by our Institutional
Animal Care and Use Committee. PCIGR cells (2%106)
were injected subcutaneously into the flank of 7-week-old
female athymic nude mice. The mice were divided into 4
treatment groups of 7 animals: those treated over 3 weeks by
daily oral gavage of vehicle, afatinib (10 mg/kg), dasatinib
(15 mg/kg), or both afatinib and dasatinib; 0.5% (wt/vol)
aqueous solution of hydroxypropylmethylcellulose was
used as vehicle for afatinib, and 50% propylene glycol was
used as vehicle for dasatinib. Treatment was initiated when
tumors in each group achieved an average volume of 100
mm”®, with tumor volume being determined twice weekly
for 21 days after the onset of treatment from caliper mea-
surement of tumor length (L) and width (W) according to
the formula Lw2/2.

Src-Tyr416 immunohistochemistry staining

Immunohistochemistry staining was performed to mea-
sure the expression of phosphor-Src (Tyr416) in paraffin
tissues from 10 lung cancer patients with mutant-positive
EGFR T790M.

Slides were stained for phosphor-Src (Tyr416) (mouse
monoclonal antibody; Millipore} using a Ventana Discovery
XT automated system (Ventana Medical Systems, Tucson,
AZ) following the manufacturer’s protocol with proprietary
reagents. Briefly, slides were deparaffinized on the automated
system with EZ Prep solution (Ventana). Enzymatic retrieval
method was used in protease 1 at 4 minute (Ventana), CC1
Standard and CC2 standard conditions. The primary mono-
clonal antibody (Millipore) reacts to secondary antibody at
different dilution-titrations. Both primary and secondary
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